Drought and low soil nitrogen (low-N) constitute major constraints to maize (Zea mays L.) production in West Africa (WA). Th e International Institute of Tropical Agriculture (IITA) and International Center for Maize and Wheat Improvement (CIMMYT) have developed drought and low-N tolerant inbreds for Africa. Combinations between selected IITA and CIMMYT inbreds could produce outstanding hybrids. Diallel crosses of 12 IITA and fi ve CIMMYT early yellow inbreds plus four checks were evaluated under drought, low-N and optimal conditions at four locations in Nigeria for 2 yr. Th e objectives were to examine the combining ability of the inbreds for grain yield and other traits, classify the lines into heterotic groups, identify best testers under the contrasting environments, assess genotype × environment interactions and evaluate the yield performance and stability of single-cross hybrids. Grouping of the inbred lines was done with heterotic group's specifi c combining ability (SCA) and general combining ability (GCA) (HSGCA), single nucleotide polymorphism based genetic distance (SNP-GD) and GCA eff ects of multiple traits (HGCAMT) methods. Th e GCA mean squares for all traits were greater than SCA mean squares in all environments. Th e inbreds were classifi ed into four heterotic groups each across environments by HSGCA and SNP-GD while HGCAMT method placed them into three groups. HGCAMT was the most effi cient followed by HSGCA and then SNP-GD method. Th e HGCAMT identifi ed inbreds ENT 17, ENT 15, and ENT 8 as best testers for heterotic Groups 1, 2, and 3. Hybrids TZEI 17 × ENT 15, and TZEI 149 × ENT 15 were outstanding across environments.
P romotion and wide adoption of early-maturing cultivars developed by IITA and partners have signifi cantly contributed to the rapid spread of maize into the savannas of WA, making it the most important cereal crop aft er rice (Oryza sativa L.). However, production in the savanna agro-ecology is severely constrained by low-N and recurrent drought. Drought and low-N stresses constitute the most important factors frequently limiting maize production, food security, and economic growth in sub-Saharan Africa (Bänziger et al., 2006) . Edmeades et al. (1995) reported an annual maize yield loss of 15% from drought stress in the savanna of West and central Africa (WCA) and indicated that localized losses might be much higher in the marginal areas where the annual rainfall is below 500 mm and soils are sandy or shallow. However, the grain yield losses could be higher if drought occurs at the fl owering and grain-fi lling periods (NeSmith and Ritchie, 1992) . Estimated yield losses from low-N stress alone vary from 10 to 50% (Wolfe et al., 1988) in WA and are attributable to inadequate or no application of inorganic fertilizer by farmers and rapid mineralization of organic matter in the soil (McCown et al., 1992; Bänziger and Lafi tte, 1997) . In addition to drought and low-N stresses, infestation by a parasitic weed, Striga hermonthica (Del.) Benth is a major constraint to maize production in the savannas of WA. In the farmer's fi eld, drought, Striga infestation, and soil nutrient defi ciency can occur simultaneously, with a devastating combined eff ect (Cechin and Press, 1993; Kim and Adetimirin, 1997; Badu-Apraku et al., 2011b) . Th erefore, maize varieties targeted to the Striga-prone areas of WCA must also be resistant or at least tolerant to drought and low-N.
The present strategy of IITA to stabilize maize yield in the subregion has been to develop drought-tolerant hybrids with combined resistance to Striga and tolerance to low-N. During the past two decades, IITA has devoted scarce resources to develop numerous multiple stress tolerant early-maturing source populations, cultivars, and inbreds. However, presently, only a few early-maturing maize hybrids have been commercialized in WA despite the availability of numerous early inbreds in the IITA's maize program. There is an increasing demand for hybrid seeds which is driving the emergence of several seed companies in the subregion. These companies depend on public breeding programs for their supply of germplasm. There is, therefore, an urgent need for maize programs in public institutions to identify diverse inbred lines that seed companies could use to produce commercial hybrids.
Information on the combining abilities of the available earlymaturing inbred lines from IITA is crucial to the identification of productive hybrids for commercial production in the subregion. The type of gene action conditioning the inheritance of different traits under contrasting environments needs to be known to identify useful inbred lines and an appropriate breeding strategy for developing multiple stress tolerant hybrids. However, there is limited information on the combining abilities and the heterotic groups of the early yellow inbreds with only few testers identified in the program. Furthermore, there are contradictory reports on the gene action conditioning the inheritance of grain yield in the early white and yellow inbred lines in the IITA's maize program. For example, Badu-Apraku et al. (2011b) studied the combining abilities of nine early-maturing white maize inbreds across drought, well-watered, Striga-infested, and Striga-free conditions. The authors reported that the general combining ability (GCA) mean squares for grain yield and other traits of the inbreds were larger than those of specific combining ability (SCA) across the four contrasting environments, indicating that additive gene action was more important in the inheritance of the traits. Similar results have been reported by Oyekunle and Badu-Apraku (2013) for another set of IITA's early-maturing white and yellow inbreds. Several workers have also studied the combining ability of CIMMYT early-maturing inbreds under drought and low-N environments. Betrán et al. (2003) reported additive genetic effects to be more important for the grain yield of inbreds under wellwatered conditions while non-additive genetic effects were found to be more important under low-N stress conditions. Derera et al. (2007) showed the preponderance of additive genetic effects for grain yield and number of ears per plant (EPP) under drought and the importance of both additive and non-additive effects in controlling grain yield under well-watered conditions. In contrast to these results, Badu-Apraku et al. (2011c) reported the SCA of grain yield of early yellow inbreds to be significantly higher than the GCA under drought, well-watered, Striga-infested, and Strigafree conditions. There were no inbreds with significantly higher GCA than others and none of the inbreds could be considered ideal testers in the study owing to the minor importance of GCA, and the preponderance of SCA over GCA. These contradictory results from the different studies suggest a need for more information on the mode of gene action governing the inheritance of grain yield and other traits in the IITA inbreds, leading to effective heterotic grouping of the lines and identification of appropriate testers for the different heterotic groups.
Assessment of the levels and patterns of genetic diversity in inbred lines from adapted and exotic germplasm sources can be invaluable in crop breeding for identifying diverse parental combinations to create segregating progenies with maximum genetic variability for further selection (Barrett and Kidwell, 1998) . This is also important for introgressing favorable alleles from accessions with possible utility for specific breeding purposes. A few studies of combining ability involving the late/intermediate maturing inbreds of IITA and CIMMYT have been conducted under nonstress conditions (Dhliwayo et al., 2009) , and drought and well-watered conditions (Adebayo et al., 2013) . Based on the results of these studies, some CIMMYT lines were proposed for improving IITA's intermediate germplasm. However, limited studies have been conducted to examine the potential of early-maturing exotic maize inbred lines for that purpose or for their direct use in hybrid combinations under multiple stress environments. Ifie et al. (2015) examined the combining ability of early-maturing inbred lines of IITA and CIMMYT under Striga-infested and low-N stress conditions. Two lines from IITA (TZEI 175 and TZEI 24) possess alleles for Striga tolerance and resistance, and were proposed for the improvement of Striga resistance in tropical maize germplasm. Another two lines, one from IITA (TZEI 32) and the other from CIMMYT (ENT 16) were tolerant to low soil-N and were proposed for the improvement of low-N tolerance. So far, this is the only study conducted for the early-maturing inbreds from IITA and CIMMYT under drought and low-N environments even though several more inbreds tolerant to drought and low-N have been identified in the Drought Tolerant Maize for Africa (DTMA) Project panel of inbred lines. Drought-and low-N-tolerant inbred lines have also been developed by CIMMYT from populations different from those from which IITA lines were developed. Production of outstanding hybrids through crossing of inbred lines from breeding programs of different institutions has been studied extensively in the United States and reports from the studies have been summarized by Hallauer et al. (2010, p.407) . Very few studies in this subject-matter area have been conducted in Africa. In one such study conducted in Nigeria, lines developed at IITA, Ibadan and Obafemi Awolowo University (OAU), Ile-Ife were used in a line × tester crosses along with reciprocals (Aghughu, 1989) . The study showed that IITA lines were better as female parents in hybrid combinations. In addition, IITA × Ife hybrids were higher yielding than IITA × IITA and Ife × Ife hybrids. Similar results were reported by Ifie et al. (2015) for IITA lines × CIMMYT lines in hybrid combinations. It is therefore important to examine further how the early-maturing elite lines from the different programs of CIMMYT and IITA could be exploited to produce superior hybrids for commercialization in sub-Saharan Africa (SSA) and to gain a better understanding of how this could facilitate flow of materials and strategies between the two sister institutes under the DTMA Project. In the present study, therefore, we hypothesized that combinations between IITA inbred lines and selected elite CIMMYT inbred lines will produce outstanding hybrids for commercialization in SSA.
Identification of heterotic groups among maize inbreds is crucial to the success of a maize hybrid program. Therefore, several methods including SCA effects of grain yield per se, heterotic group's SCA and GCA (HSGCA), GCA effect of multiple traits (HGCAMT) and SNP-GD have been proposed and used in grouping inbred lines into heterotic groups. Molecular markers have been found to be a powerful tool for defining heterotic groups and examining the relationships among inbred lines at the DNA level and have therefore been used to complement existing approaches. However, information on the effectiveness of molecular markers in grouping inbreds is contradictory. Several workers have reported no significant correlation between GD and hybrid yield (Shieh and Thseng, 2002; Benchimol et al., 2000; Menkir et al., 2010) . In contrast, Lanza et al. (1997) and Balestre et al. (2008) reported significant positive correlations between hybrid yield and molecular markers. The researchers concluded that the molecular markers used were very efficient in placing the inbred lines into heterotic groups. Another commonly used method for classifying maize inbreds into heterotic groups is the SCA effects of grain yield. However, there may be difficulty in classifying tropical inbred lines into distinct groups based only on the results of combining ability studies because the SCA effect of grain yield of inbred lines has often been found to be influenced by the interaction between two inbred lines and between hybrids and the environment. This often leads to the classification of the same inbred to different heterotic groups in different studies. Several methods have therefore been proposed to overcome this problem. One of such methods is the HSGCA method that combines both SCA and GCA effects for assigning inbred lines into heterotic groups. Studies have so far proved this method to be more effective than the use of SCA effects of grain yield alone or molecular markers for classifying inbred lines into distinct groups (Fan et al., 2004; Badu-Apraku et al., 2013b , 2013c Akinwale et al., 2014) . A grouping method using the GCA of multiple traits (designated HGCAMT) was proposed for grouping inbred lines (Badu-Apraku et al., 2013b) . The method was comparable to the groupings based on SSR markers but superior to the traditional method of grouping inbreds using the SCA effects of grain yield. Furthermore, Akinwale et al. (2014) compared the efficiency of the groupings based on the SCA of grain yield, HSGCA, and microsatellite markers, and concluded that the HSGCA method was the best, followed by the molecular marker method. However, no such comparison has been made in the efficiency of the HGCAMT, HSGCA, and SNP marker methods in grouping inbreds. It is important, therefore, to compare the efficiency of the three methods in classifying selected IITA and CIMMYT inbreds. The objectives of this study were to (i) determine the combining ability of 12 early-maturing yellow-endosperm inbreds from IITA and five from CIMMYT under drought, low-N and optimal environments; (ii) classify the inbred lines into heterotic groups using HGCAMT, HSGCA, and the SNP-GD methods; (iii) compare the effectiveness of the heterotic grouping methods in classifying the inbred lines into contrasting heterotic groups; (iv) identify the best testers under each contrasting environment and across environments and (v) assess genotype × environment interactions as well as the yield performance and stability of the single-cross hybrids derived from IITA and CIMMYT lines.
MATERIALS AND METHODS Genetic Materials and Experimental Procedures
One hundred and thirty-six single-cross hybrids derived from a diallel cross of 17 early yellow endosperm inbred lines (12 from IITA and 5 from CIMMYT, Table 1) were evaluated under drought, low-N, and optimal environments from 2010 to 2012 (Table 2 ). The inbred lines were crossed in all possible hybrid combinations in Ibadan, Nigeria, in 2010 without reciprocals, assuming no reciprocal effect of low-N and drought tolerance in maize. The 136 single-cross hybrids plus four hybrid checks which were high yielding, low-N, and drought tolerant (including the commercial hybrid, TZEI 17 × TZEI 24) were evaluated under induced drought stress and well-watered conditions at Ikenne (3°7¢ E, 6°87¢ N, 30 m asl, 1200 mm annual (Soil Survey Staff, 1999) , the experimental fields are flat and fairly uniform. In addition, the soil has high water-holding capacity.
The drought stress and well-watered experiments were planted in two adjacent blocks in the same field. The blocks were separated by a range about 16 m wide planted to an early-maturing variety to minimize lateral movement of irrigated water from the wellwatered to the drought stress block. The induced drought stress was achieved by withdrawing irrigation water 28 d after planting until maturity so that the maize crop relied on water stored in the soil. The 136 F 1 diallel crosses plus the four early-maturing hybrid checks were also evaluated in low-N (30 kg N ha -1 ) and high-N (90 kg N ha -1 ) environments at Mokwa (9 о 18¢ N, 5 о 4¢ E, 457 m asl and 1100 mm annual rainfall) and the Teaching and Research farm of Obafemi Awolowo University, Ile-Ife, (7° 28¢ N, 4° 33¢ E, 244 m asl and 1200 mm rainfall), in 2011 and 2012. The experimental fields used for the low-N evaluations had been depleted of N by the continuous planting of maize for several years and the removal of the biomass after each harvest. Soil samples were taken before planting in all the test environments and N content was determined at IITA's analytical services laboratory, at Ibadan, by the Kjeldahl digestion and colorimetric method (Bremner and Mulvaney, 1982) . In the present study, rainfed, well-watered, and high-N environments were regarded as optimal environments (where N and water were not limiting). The experimental design at all sites was a 10 × 14 simple lattice design with two replications. Each experimental unit was a single-row plot, 4 m long with a row spacing of 0.75 m and intra-row spacing of 0.4 m. Three seeds/hill were planted and the seedlings were thinned to two/hill about 2 wk after planting (WAP) to give a final plant population density of about 66,666 plants ha -1 . Fertilizers were applied to bring the total available N to 90 kg N ha -1 for the drought and optimal conditions but 30 kg N ha -1 for the low-N trial as indicated by soil tests. The N-fertilizer was applied at 2 WAP immediately after thinning. Also, single superphosphate (P 2 O 5 ) and muriate of potash (K 2 O) were applied to both low-N and high-N blocks at the rate of 60 kg K and P ha -1 and weeds were controlled in all the trials with herbicides and/or manually. Other crop management practices were as described earlier.
DNA Extraction
Samples of young leaves were taken from 8 to 10 seedlings in the field at 2 WAP. These samples were bulked and freeze-dried for DNA extraction. Genomic DNA was extracted from the collected samples using a modified CTAB protocol of SaghaiMaroof et al. (1984) .The quality of the DNA for genotyping by sequencing (GBS) was ascertained by digesting the DNA with restriction enzyme HindIII. The digested DNA was then transferred into a 96 well plate, properly sealed with rubber plate covers, and sent to Institute for Genomic Diversity of Cornell University, Ithaca, NY, for genotyping.
Genotyping with Single Nucleotide Polymorphism
GBS libraries were prepared and analyzed as described by Elshire et al. (2011) , using the enzyme ApeKI for digestion and creating a library with unique barcodes for each genotype. Raw reads from the sequenced GBS library were called in the GBS analysis pipeline TASSEL version 3.0.147, an extension to the Java program TASSEL (Bradbury et al., 2007) . The filtered sequences were aligned to the maize reference genome B73 RefGen v1 (Schnable et al., 2009 ) using the Burrows-Wheeler alignment tool. This procedure provided 143,415 SNPs covering all the 10 chromosomes of the maize genome. Out of these, 1451 SNP loci, having no less than 0.05 allele frequency and no missing value, were selected using TASSEL version 4.1.12 and used to analyze the genetic diversity of the inbred lines in the current study. The distribution of the SNP loci on the 10 maize chromosomes (ch) was 232 in ch1, 172 in ch2, 177 in ch3, 169 in ch4, 167 in ch5, 95 in ch6, 143 in ch7, 133 in ch8, 81 in ch9, and 82 in ch10.
Data Collection
Data were recorded on low-N, optimal, and droughtstressed plots at all sites for number of days from planting to 50% pollen shed (anthesis) (DA) and silking (DS), and the anthesis-silking interval (ASI) was calculated as the difference between days to silking and anthesis. Data were also obtained on plant height (PLHT), ears per plant (EPP), plant aspect (PASP), and ear aspect (EASP). Plant aspect was based on the overall physical appearance or appeal of the plant, including plant and ear heights, uniformity of plants in the plot, disease and insect damage, and lodging. Plant aspect was rated at 70 d after planting on a scale of 1 to 5, where 1 = excellent physical appearance of plants in the plot and 5 = poor physical appearance. Ear aspect was based on freedom from disease and insect damage, ear size, uniformity, and grain filling, and was scored on a scale of 1 to 5, where 1 = clean, uniform, large, and well-filled ears and 5 = ears with undesirable features. In addition, stay-green characteristics (leaf death score) were scored High-N (optimal) Ile-Ife 2012 † Drought prone location but terminal drought stress was not achieved and therefore considered as optimal condition.
‡ Low-N, low soil nitrogen.
for the low-N plots at 70 d after planting on a scale of 1 to 9, where 1 = almost all leaves green and 9 = virtually all leaves dead. In the drought and low-N experiments, harvested ears from each plot were shelled to determine the percentage grain moisture and grain weight. Grain yield in kg ha -1 was computed from the shelled grain weight, and was adjusted to 15% moisture content. In contrast, under optimal environments, harvested ears of each plot were weighed and the grain yield was estimated based on 80% (800 g grain kg -1 ear weight) shelling percentage and adjusted to 15% moisture content.
Statistical Analysis
Analysis of variance was performed on plot means for grain yield for each and across environments using mixed model procedure in Statistical Analysis System (SAS Institute, 2011).
The location-year combinations, replicates, and blocks were considered as random factors whereas the 136 single-cross hybrids and four hybrid checks were considered as fixed effects in the combined ANOVA. Excluding the checks, GCA effects of the parents and SCA of the crosses, as well as the mean squares across 14 environments for grain yield, DS, DA, ASI, PLHT, EASP, EPP, PASP; and seven test environments for stay-green characteristic, were estimated in the diallel crosses following Griffing's method 4 model 1 (fixed model) (Griffing, 1956) using DIALLEL-SAS program developed by Zhang et al. (2005) adapted to SAS software version 9.3 (SAS Institute, 2011). The GCA and SCA effects were tested for significance using the t test and the standard errors were estimated as the square root of the GCA and SCA variances (Griffing, 1956 ). Effects of GCA and SCA for the traits were computed from the mean values adjusted for the block effects for each environment and across environments. The relative importance of GCA and SCA was investigated using the equation: Baker (1978) by Hung and Holland (2012) . In the present study, K 2 GCA is the variance of effects derived from the mean square of GCA and K 2 SCA is the variance of effects derived from the mean square of SCA. Since the total genetic variance among F 1 hybrids is equal to twice the GCA component plus the SCA component, the closer this ratio is to unity, the greater the predictability of a specific hybrid's performance based on GCA alone.
The inbred lines were assigned into heterotic groups under drought, low-N, optimal growing conditions and across research environments based on the HSGCA method proposed by Fan et al. (2008) , HGCAMT proposed by Badu-Apraku et al. (2013c) and GD from SNP markers. Ward's minimum variance cluster analysis based on the Euclidean distance generated from HSGCA, HGCAMT, and GD from SNP markers was used to assign the 17 inbreds into heterotic groups under each contrasting environment and across environments using SAS software version 9.3 (SAS Institute, 2011). The HSGCA method was used to assign the 17 inbreds into heterotic groups as follows: HSGCA = Cross mean X ij + Tester mean (Xj.) = GCA + SCA where X ij is the mean yield of the cross between the ith tester and the jth line, X j. is the mean yield of the ith tester across jth lines. The HSGCA estimates were subjected to Ward's minimum variance cluster analysis using SAS software version 9.3 (SAS Institute, 2011).
The statistical model used by the HGCAMT method to assign the inbreds into the heterotic groups is as follows:
where Y is HGCAMT, which is the genetic value measuring relationship among genotypes based on the GCA of multiple traits i to n; Y i is the individual GCA effect of genotypes for trait i Ῡ i m is the mean of GCA effects across genotypes for trait i s i is the standard deviation of the GCA effects of trait i e ij is the residual of the model associated with the combination of inbred i and trait j. The grouping by HGCAMT was achieved by standardizing the GCA effects (mean of zero and standard deviation of 1) of the traits that had significant mean squares for G under drought, low-N, in optimal growing conditions and across test environments to minimize the effects of different scales of the traits. The standardized GCA effects were subsequently subjected to Ward's minimum variance cluster analysis using SAS software version 9.3 (SAS Institute, 2011) . To assess the effectiveness of the methods in classifying the inbreds, ANOVA was performed using group as a source of variation rather than genotypes and linear contrasts were computed for the means of grain yield.
Analysis of Marker Data
For the SNP markers, the allele frequency, gene diversity, heterozygosity, polymorphic information content (PIC) and pair-wise Rogers (1972) GD estimates among the inbred lines were calculated using PowerMarker version 3.25 (Liu and Muse, 2005) .
RESULTS

Performance and Stability of Single-Cross Hybrids under Drought Stress, Low Soil Nitrogen, Optimal Conditions, and across Contrasting Environments
The combined ANOVA of the genotypes evaluated under drought stress from 2010 to 2012 across three locations showed significant genotype (G), environment (E), and genotype × environment interaction (GEI) mean squares for all measured traits (Table 3) . Similarly, the ANOVA combined across two locations and years under low soil N revealed that mean squares due to G, E, and GEI were significant for all traits except G for plant height, husk-cover, and the stay-green characteristic and the GEI for plant height and ear height. Under optimal growing conditions (well-watered and high-soil N conditions), significant mean squares were detected for G, E, and GEI for all traits except GEI for EPP. Significant mean squares for G, E, and GEI were detected for all measured traits across research environments except G for stay-green characteristic, and GEI for plant height and ear height.
Partitioning of the entries into GCA and SCA components showed that mean squares for GCA and SCA were significant for all traits under drought stress, low-N, optimal conditions and across environments for all measured traits except SCA for plant height, husk cover, and stay-green characteristic under low-N, and SCA for stay-green characteristic across drought and low-N environments. Both GCA × E and SCA × E mean squares were significant for all traits under all research environments with the exception of the SCA × E mean squares for ear height and husk cover under drought, plant height, ear height, EPP, and stay-green characteristic under low-N, plant height, and ear height under optimal growing condition and across research environments. The GCA mean squares of inbreds for grain yield and other traits under all research environments were larger than those of SCA except for stay-green characteristic under low-N environment (Fig. 1) .
The GCA effects of the early inbreds for grain yield and other traits under drought stress, low-N, and in optimal growing conditions and across research environments are presented in Table 4 . Inbreds ENT 8, and ENT 13, had positive and significant GCA effects for grain yield under drought, low-N, and in optimal growing conditions. In contrast, TZEI 129 had positive and significant GCA effects for grain yield under drought and low-N environments while ENT 15, TZEI 17, and TZEI 16 had positive and significant GCA effects for grain yield under low-N and optimal conditions. TZEI 158 had significant and positive GCA effects under drought while ENT 4, TZEI 12, and TZEI 127 had positive and significant GCA effects for grain yield under optimal growing environments and ENT 17 under low-N environments. The inbred TZEI 161, TZEI 158, TZEI 8, and TZEI 123 showed a significant and negative GCA effect for ASI under drought stress, low-N, and optimal environments. The inbreds TZEI 17 and TZEI 16 had significant and negative GCA effects for stay-green characteristic under drought stress and TZEI 158 under low N environment. The inbreds TZEI 8 and TZEI 178 had significant and positive GCA effects for plant aspect and ear aspect under the three research environments. Positive and significant GCA effects were observed for ENT 13 under low-N and in optimal growing conditions. The consistently significant GCA × environment mean squares under each research condition (Table 3) prompted critical examination of the GCA effects for grain yield of the lines in each environment within each research condition to provide some explanations for the observed interactions (Table 5) . Number of lines having significant GCA effects for grain yield varied among environments within each research condition, ranging from 6 to 8 for drought, 4 to 10 for low-N, and 3 to 11 for optimal conditions. Under each research condition, no line had significant positive GCA effect for grain yield across all environments and very few lines had the positive effect in two or more environments. Under each research condition, some lines had positive GCA effects for grain yield in some environments and negative in others. For example, under drought, ENT 15 had significant positive GCA effect for grain yield at Ikenne 2011/2012 but negative effects at Ikenne 2010/2011 and Bagauda 2012. There were also lines with significant positive GCA effects for grain yield in some environments within a research condition but negative effects in environments under the other research conditions. Whenever statistically significant, the GCA effect for grain yield of some lines, such as TZEI 8, TZEI 167, and TZEI 178 was consistently negative in all research environments. Conversely, the significant GCA effect for grain yield of some other lines, such as ENT 8, ENT 13, TZEI 16, TZEI 17, and TZEI 129 was consistently positive.
The mean grain yield of the hybrids under drought stress ranged from 1181kg ha -1 for TZEI 8 × TZEI 127 to 2678 kg ha -1 for TZEI 17 × TZEI 158 (Table 6 ). The top-ranking hybrid, TZEI 17 × TZEI 158, out-yielded the best drought tolerant early-maturing hybrid TZEI 24 × TZEI 17 by 14% under drought stress. Under low-N, the top-yielding hybrid was ENT 15 × TZEI 17 (4968 kg ha -1 ); while the lowest was TZEI 23 × TZEI 8 (1663 kg ha -1 ). The best hybrid under low-N, ENT 15 × TZEI 17 out yielded the best check, TZEI 24 × TZEI 17 by 30%. Under well-watered conditions, the top-yielding hybrid was ENT 15 × TZEI 17, (5389 kg ha -1 ) and out-yielded the best hybrid check, TZEI 8 × TZEI 16 (4380 kg ha -1 ), by 19%.
In the average-tester-coordination view of the GGE biplot presented in Fig. 2 , the absolute length of the projection of an inbred on to the average tester coordination y axis (double arrow black horizontal lines originating from zero on the y axis) is a measure of its stability. The shorter the projection, the more stable the inbred. Therefore, the hybrids ENT 15 × TZEI 17, ENT 15 × ENT 17 and ENT 15 × TZEI 149 were the most stable across test environments and had yield performance that was above average. The hybrids ENT 15 × TZEI 12 and TZEI 17 × TZEI 129 were among the highest yielding hybrids across test environments but were the least stable hybrids. According to Yan et al. (2000) , the ideal genotype should have a high mean yield and high stability. Based on these criteria, TZEI 17 × ENT 15, and TZEI 149 × ENT 15 may be considered to be the closest to the ideal hybrid, that is, as they were also closer to the small concentric circle.
Groupings of Inbred Lines and Relationships among Heterotic Grouping Methods
A summary of the results of the grouping of the 17 inbreds using dendrograms constructed based on the HGCAMT, HSGCA, and the SNP markers is presented in Table 7 . The HGCAMT method revealed four heterotic groups under drought stress, three each under low-N, in optimal growing conditions, and across research environments. The heterotic grouping based on HSGCA method identified three heterotic groups each under drought and optimal growing conditions, and four each under low-N and across research environments. The HSGCA method could not group the inbreds, TZEI 16 and ENT 17 under drought stress and ENT 15 under optimal conditions. Similar to the HSGCA method, the SNP markers identified four heterotic groups but, unlike the HSGCA method, it classified all inbreds into heterotic groups across environments. There was a close correspondence between the HGCAMT and the SNP-based grouping in terms of placement of inbred lines into the same group. For example, the classification of the inbreds into heterotic Groups 1, 2, and 3 by the two methods followed similar trends with lines such as ENT 17, TZEI 123, and TZEI 12 being placed in Group 1 by the two methods while lines such as TZEI 129, TZEI 17, and TZEI 16 were placed in Group 2. Similarly, TZEI 149, TZEI 158, TZEI 161, TZEI 178, TZEI 8, and TZEI 23 were placed in Group 3 by the two methods. Furthermore, the HGCAMT and the molecular methods tended to put all lines with negative GCA effects for grain yield in Group 3 except ENT 8 for HGCAMT; those with positive GCA values were placed in Groups 1 and 2 by both methods. However, the lines ENT 13 and ENT 4 were placed in Group 4 by the SNP marker method. The classification of the inbreds into Group 3 by the HSGCA method followed a trend similar to that of the HGCAMT and the SNP marker methods. Lines with negative GCA were placed in Group 3; those with positive GCA values were placed in Groups 1 and 2. The lines TZEI 178 with negative GCA for grain yield and TZEI 123 with positive GCA, were classified by the HSGCA method into Group 4. Classification of the inbreds based on SNP-based GD identified four groups. In general, the groupings were not according to the pedigree: ENT 4 and ENT 13 formed the Group 1; ENT 15, TZEI 123, TZEI 127, ENT 17, ENT 8, and TZEI 12 formed the Group 2; TZEI 129, TZEI 17, and TZEI 16 comprised Group 3; and TZEI 149, TZEI 158, TZEI 161, TZEI 178, TZEI 8, and TZEI 23 fell in Group 4. Comparison of the HSGCA and the SNP marker methods revealed that ENT 8, ENT 15, ENT 17, and TZEI 127 had positive GCA values and were placed together in Group 1 by the two methods. It is striking to note that the inbreds, ENT 13, ENT 15, TZEI 129, and TZEI 127 which were placed together in Group 1 by the HSGCA method were also placed together in Group 2 by the HGCAMT, indicating close correspondence between the groupings of the inbreds by the two methods. 0.08 * Significant at 0.05 probability level. ** Significant at 0.01 probability level. † LFDTH, stay-green characteristic; DT, drought conditions; LN, low soil-nitrogen conditions; OPT, optimal conditions; ACR, across environments.
Identification of Early YellowEndosperm Inbred Testers under Drought, Low-N, Optimal, and across Research Environments
Since the HGCAMT method was identified as the most efficient of the three methods for grouping inbreds across research environments, the best inbred testers were identified for the three heterotic groups classified by this method. According to Pswarayi and Vivek (2007) , the choice of potential lines as testers for classifying other lines into heterotic groups should be based on the display of high positive GCA effects for grain yield, classification into heterotic groups, and per se grain yield. Based on these criteria and using the groups identified by HGCAMT, ENT 17 had the highest positive GCA effects for grain yield, was placed in Group 1 and was therefore the best tester for Group 1. Similarly, ENT 15 was identified as the best tester for the Group 2 and ENT 8 for Group 3. The HGCAMT also identified ENT 13 and ENT 8 as the best testers for Groups 2 and 3 under drought; ENT 17, ENT 15, and ENT 8 for Groups 1, 2, and 3 under low N; and ENT 15 and ENT 13 for Groups 1 and 2 under optimal environments.
Comparison of the Efficiency of the Heterotic Grouping Methods
Presented in Table 8 are the means generated from the combined ANOVA based on the groups identified by the different heterotic grouping methods under drought, low-N, optimal conditions, and across environments. Under the four research conditions and across the research environments, the three grouping methods had significantly higher grain yield for most inter-group crosses than the intra-group crosses. The linear contrast under drought stress for all possible comparisons among groups using the HSGCA method was significant for only Group 1 vs. Group 3 (Table 9 ). In contrast, all the group comparisons with the HGCAMT method showed significant orthogonality except Group 1 vs. Group 3, and Group 2 vs. Group 3. However, all group comparisons with the SNP marker method showed significant orthogonality. Under low-N environments, significant linear contrasts were observed for all the group comparisons of the three methods except the Group 1 vs. Group 2 comparisons of HSGCA, HGCAMT, and SNP-based GD methods. Significant orthogonal contrasts were observed for all group comparisons based on the three methods under optimal conditions except for Group 1 vs. Group 2 of the SNP marker method. Across research environments, all group comparisons showed significant linear contrasts for the three grouping methods except for Group 3 vs. Group 4 of HSGCA, and Group 1 vs. Group 4 and Group 2 vs. Group 4 of the GD. It is striking that the HGCAMT method had significant linear contrasts for all possible group comparisons. Table 8 . Mean values (± SE) for grain yield of hybrids within and between heterotic groups based on HSGCA, HGCAMT, and single nucleotide polymorphism-based genetic distance (SNP-based GD) methods under drought, low soil nitrogen (low-N), in optimal conditions and across the three research environments. DISCUSSION In the present study, significant mean squares were detected for G, E, and GEI for most measured traits under drought stress, low N, and in optimal growing conditions and across environments indicating that the test environments were unique and that there was adequate genetic variability among the early yellow hybrids to allow good progress from selection for improvements in most of the traits (Badu-Apraku et al., 2011b; Akinwale et al., 2014) . Furthermore, the significant GEI suggested differential responses of the genotypes and the need to identify high-yielding and stable genotypes across test environments (Sabaghnia et al., 2008; Moghaddam and Pourdad, 2009) . The presence of a highly significant GEI for grain yield and most measured traits of the early yellow hybrids is a confirmation of the need for extensive testing of cultivars in multiple environments before cultivar recommendations are made. The significant GCA and SCA mean squares obtained for most measured traits under all research environments showed that both additive and non-additive gene actions were important in the inheritance of the traits. This implied that significant breeding progress could be made using inbreeding, hybridization, backcrossing, and recurrent selection methods for the development of hybrids and synthetics as well as in population improvement. Moreover, these results suggested that the inbreds could be classified into distinct heterotic groups under each research environment, and that superior inbreds with good combining abilities as well as those that can serve as outstanding testers could be identified under the contrasting environments (Akinwale et al., 2014) . The presence of significant mean squares for both GCA × E and SCA × E for all measured traits under all research environments with the exception of the SCA × E mean squares for ear height and husk cover under drought, plant and ear heights, EPP, and stay-green characteristic under low-N, plant and ear heights under optimal growing environments and across research environments, confirmed that the parental inbreds exhibited differential performances in hybrid combinations under the contrasting environments in this study. This corroborates the earlier view of Kang (1997) that the environment plays a prominent role in the phenotypic expression of agronomic characters, and ignoring environmental components in the field would reduce progress and advances from selection. The significant GCA × E interaction suggested the need to select different parental lines for hybrid development under each environment and indicated that there was scope for the improvement of most traits through selection and hence a chance to identify a potentially discriminating tester. This result is in agreement with the findings of several workers (Gutierrez-Gaitan et al., 1986; Hallauer et al., 2010; Vasal et al., 1993; Badu-Apraku et al., 2004; Fan et al., 2009; Badu-Apraku et al., 2011a , 2011b , emphasizing the need for testing inbred lines in contrasting environments to identify those with stable performance for the development of drought tolerance. It is expected that testing lines under different environments should facilitate the selection of stable testers and hybrids (Scott, 1967; Badu-Apraku et al., 2013a) . The significant SCA × E interaction mean squares for most measured traits indicated that the response of the single-cross hybrids in terms of these traits was not consistent in the contrasting environments. This could be due to environmental factors, such as soil and climate, which might have directly affected the traits in the different locations and years. This result justifies our strategy of evaluating the crosses across Table 9 . Sum of squares from the linear contrasts of heterotic groups based on HSGCA, HGCAMT and single nucleotide polymorphism-based genetic distance (SNP-based GD) of grain yield under drought, low soil nitrogen (low-N), in optimal conditions and across research environments. 30861468.2** * Significant at 0.05 probability level. ** Significant at 0.01 probability level.
the test environments in an effort to identify the tester with a consistent performance across the contrasting environments. The significant SCA ×E interaction observed in this study for some traits is not surprising since single cross hybrids are sensitive to environmental factors (Hallauer et al., 2010) . On the other hand, the nonsignificant SCA × E mean squares for ear height and husk cover under drought, plant and ear heights, EPP, and stay-green characteristic under low-N, and plant and ear heights under optimal growing environments and across research environments indicated that the environmental factors did not influence the expression of these traits. The significant SCA × E interaction for most traits in the optimal environment implies that the yield performance of the hybrids was not consistent in the varying environments. This result again provides a strong justification for evaluating genotypes across test environments. The preponderance of GCA over SCA mean squares of inbreds for grain yield, and other traits under all research environments except the stay-green characteristic under low-N implied that additive gene action was more important than non-additive gene action for these traits and that GCA was the major component accounting for the differences among the hybrids evaluated in the present study. The GCA effects dominating the SCA effects implied that additive gene action was more important than the non-additive for all traits and that GCA was the main component accounting for the differences among the single-cross hybrids. These findings appear consistent with the results of Makumbi et al. (2011) who reported additive gene action to be more important than the non-additive in early-maturing maize inbreds evaluated under drought, low-N, and in optimal growing conditions.
The results of this study also showed that non-additive gene action was more important than additive gene action for the stay-green character under low-N. The results of this study corroborates the findings of Badu-Apraku et al. (2004) who reported moderate-to-large additive genetic variance and narrowsense heritability estimates for grain yield and other traits studied in the early-maturing population (Pool 16 DT) after eight cycles of recurrent selection for improved grain yield under drought stress. It was concluded that dominance variance was also large and should be taken into consideration during further selection. The differences in the results of this study and those of earlier workers may be attributed to the fact that the inbred lines used in the present study were derived from composites of a wide range of germplasm and these might have had some genes with a different mode of action. Moreover, the predominance of GCA over SCA effects indicated that early generation testing may be effective and promising hybrids may be identified and selected based solely on the prediction from GCA effects.
An important objective of the present study was to classify the 17 early yellow inbreds into contrasting heterotic groups using the HSGCA, HGCAMT, and SNP markers. According to Fan et al. (2009) , an effective heterotic grouping method should identify groups that allow inter-group crosses to produce superior hybrids than within-group crosses. The inbred lines were classified into four groups each across environments based on HSGCA, and the SNP-based GD methods; the HGCAMT method placed them into three groups. There was close correspondence between the classifications based on the three grouping methods, indicating that they were all effective in classifying the inbreds. Only HSGCA classified the inbreds in close relation to their parentage. All CIMMYT lines were grouped together and the IITA lines were classified more-or-less on their parentage. Based on the analysis of the means of the different groups, HSGCA and HGCAMT identified groups with significantly higher inter-group crosses than intra-group crosses for all except Group 1 for HSGCA and Group 2 for HGCAMT. Only one (Group 3) out of the four groups identified by the SNP-based GD method showed this characteristic. Here, it is important to note that no classification method is perfect because of unlimited genetic combinations between any two inbred lines which may result in the development of superior hybrids from crosses made within heterotic groups. However, it appears that the choice of the type of molecular markers used for grouping maize inbred lines influences the results. Akinwale et al. (2014) used SSR markers and the groups identified were more closely related in their pedigree than those identified by HSGCA, SCA of grain yield, and MP. This may suggest that SSR markers are better for classifying tropical maize genotypes than SNPs but may require further studies to confirm this conclusion. The close correspondence among the classifications indicated that the three methods were all effective in classifying the inbreds into heterotic groups. However, HGCAMT was the most efficient followed by HSGCA and then the SNP-based GD method across research environments because it had significant linear contrasts for all possible group comparisons. Group 3 vs. Group 4 of the HSGCA method, and Group 1 vs. Group 4 and Group 2 vs. Group 4 of the GD method did not show significant linear contrasts. It is interesting to note that the three methods classified the lines into groups based on the GCA rather than the germplasm source or the reaction to stress environments. Inbreds with negative GCA were placed in Group 3 while those with positive GCA values were placed in Groups 1 and 2. For example, the lines TZEI 178 with negative GCA for grain yield and TZEI 123 with positive GCA were classified by the HSGCA method into Group 4. Comparison of the HSGCA and the SNP marker methods revealed that ENT 8, ENT 15, ENT 17, and TZEI 127 had positive GCA effects and were placed together in Group 1 by the two methods. It is striking to note that the inbreds ENT 13, ENT 15, TZEI 129, and TZEI 127 which were placed together in Group 1 by the HSGCA method were also placed in the same group (Group 2) by the HGCAMT, indicating close correspondence between the groupings of the inbreds by the two methods. This close correspondence indicated that the markers can be used to group inbreds in the IITA maize program that are yet to be field-tested in hybrid combinations. This result agrees with earlier findings of our program (Badu-Apraku et al., 2013a , Akinwale et al., 2014 . These results are also in agreement with the findings of Lanza et al. (1997) and Balestre et al. (2008) who reported that the molecular markers used in their studies were very efficient in placing the lines into heterotic groups. However, these results are in disagreement with those of several workers who have reported no significant correlation between GD and hybrid yield (Shieh and Thseng, 2002; Benchimol et al., 2000; Menkir et al., 2010) . It is expected that hybrids among the contrasting heterotic groups identified in this study would show heterosis in hybrid combinations. Furthermore, these results suggest that the inbreds in each heterotic group may be recombined to form heterotic populations that may be improved through recurrent selection. Subsequently, inbred lines could be extracted from each population for the development of hybrids and synthetic cultivars (Badu-Apraku et al., 2013a).
Genomic studies are beginning to help in understanding the level of diversity in maize (Buckler et al., 2006) , and how genomic variations could lead to the occurrence of heterotic effect and markers can be used to assign parental lines to meaningful heterotic groups (Collard and Mackill, 2008) . Forming such groups based on GD derived from molecular markers is still work-in-progress as diverse, sometimes contrasting, results have been reported, depending on the type of species, the type of markers (see Hamblin et al. [2007] for comparison of SSR and SNP), and the type of platform used for genotyping a given marker type, for instance, SNP genotyping GoldenGate Assay vs. KASPar (Semagn et al., 2012 (Semagn et al., , 2013 . The correspondence of GD-based heterotic grouping is further compounded by the quality of the existing groups which were not sufficiently diverged (Semagn et al., 2012) . Nevertheless, numerous examples of successful heterotic grouping of maize have been reported including a very recent study in which HG based on shared-allele GD, derived from SNP showed a slightly better advantage compared with SCA-based HG in maize (Suwarno et al., 2014) . Therefore, the results of the present study indicating close correspondence between the heterotic groups obtained with HSGCA, and HGCAMT and groups identified with SNPmarker GD method confirm that markers can be used to assign parental lines to meaningful heterotic groups.
Examination of the results of this study and similar studies involving the efficiencies of the various grouping methods reveal some very interesting trends. Fan et al. (2008) compared the efficiencies of the SCA effect of grain yield and the HSGCA methods in classifying tropical and temperate maize inbreds. The authors found the HSGCA method to be superior to the SCA effect of grain yield method. In a similar study involving IITA and CIMMYT early-maturing white maize inbreds evaluated under multiple stress environments, the HSGCA method classified the lines into three groups and was the most efficient because it had the highest breeding efficiency in the test environments followed by the HGCAMT, SNP marker-based GD and the SCA effects of grain yield methods (Badu-Apraku et al., 2015b) . Similarly, Akinwale et al. (2014) identified HSGCA as the most efficient method in classifying early-maturing tropical maize inbreds under Strigainfested and Striga-free environments. In contrast, Badu-Apraku et al. (2015a) found SNP marker-based GD method as the most effective in classifying early yellow quality protein maize (QPM) inbreds into heterotic groups under multiple stress environments. In another study involving the grouping of early white QPM inbreds under similar multiple stress environments, using the SNPbased GD, SCA effects of grain yield, HSGCA, and HGCAMT, the SNP-based GD method was identified as the most efficient in classifying the QPM inbreds into heterotic groups (Badu-Apraku et al., 2015c) . The implication of the results of these studies is that the efficiency of the heterotic grouping methods, varies with the type of genetic material being studied.
In the present study, the HGCAMT method identified CIMMYT inbreds ENT 17, ENT 15, and ENT 8 as the best testers for Groups 1, 2, and 3, respectively, across research environments. The HSGCA method identified ENT 15 as the best tester for Group 1 and TZEI 17 for Group 2. Furthermore, using the SNP marker method, ENT 15 was identified as the best tester for heterotic group 1 and TZEI 17 for Group 2. Thus the three grouping methods identified ENT15 as the tester for heterotic Group 1 while only the HSGCA and the SNP-based genetic distance methods identified TZEI 17 as the tester for heterotic Group 2.
The GCA effect of an inbred is a function of its relative importance as a tester for improving a target trait in a population and as a candidate parent for the development of synthetic varieties and hybrids (Akinwale et al., 2014) . Furthermore, the combining ability estimates across research environments is an indication of the stability of the performance of the inbreds in hybrid combination across contrasting environments. Therefore, outstanding inbreds with respect to GCA and SCA for maize grain yield and other agronomic traits could be used to develop heterotic populations for the further improvement and development of high yielding varieties. Inbred ENT13 had significant and high positive GCA effects for grain yield, and EPP under all environments except for EPP under drought. This suggests that the inbred will easily transmit its characteristics to its progeny and would be an invaluable source of favorable alleles for improving target traits in maize breeding populations of the subregion. Similarly, the IITA inbreds TZEI 17 and TZEI 16 had positive and significant GCA for grain yield under low-N, in optimal conditions and across research environments. Furthermore, TZEI 16 had significant and positive GCA effects for ASI under drought, low-N, and in optimal environments and negative and significant GCA effects for stay-green characteristic under drought. Favorable alleles from these inbreds could be introgressed into early-maturing CIMMYT germplasm for the improvement of target traits. Furthermore, inbred(s) that displayed significant positive GCA effect for grain yield in more than 50% of the environments represented within each research condition were identified as promising sources of favorable alleles for developing high yielding hybrids in that particular research condition. Based on this result, the inbred(s) ENT 13 was identified as promising under drought, ENT 15 and TZEI 16 under low-N; and ENT 13, ENT 15, and TZEI 17 under optimal conditions. It is striking to note that ENT 13 was outstanding under drought and optimal conditions and ENT 15 under low-N and optimal conditions. It is interesting to note that under the drought and low-N stresses, the hybrids TZEI 17 × ENT 15, and TZEI 149 × ENT 15 were not only outstanding in performance but were also the most stable across test environments and close to the ideal cultivar. These hybrids should be evaluated in on-farm trials to confirm the consistency of their performance and promoted for commercialization. Furthermore, the outstanding performance of the two hybrids, TZEI 17 × ENT 15, and TZEI 149 × ENT 15 has confirmed our hypothesis that combinations involving IITA and CIMMYT inbreds could produce outstanding hybrids for commercialization in SSA.
CONCLUSIONS
The parental lines, ENT13, TZEI 17, and TZEI 16 may provide an untapped source of genes for drought and low-N tolerance that can be incorporated into maize cultivars with desirable agronomic and end-use quality traits to broaden and diversify the genetic base of germplasm from IITA and CIMMYT and to develop outstanding maize varieties and hybrids adapted to different production environments in SSA. The HGCAMT is an efficient heterotic grouping method and offers a great opportunity for grouping the numerous IITA inbreds that are yet to be grouped. Furthermore, the results of this study have confirmed that molecular markers could be used in grouping IITA inbreds that are yet to be field tested. The efficiency of the heterotic grouping methods, SCA effects of grain yield, HSGCA, HGCAMT, and SNP-based GD methods varies with the type of genetic material under study. Planned crosses involving IITA and CIMMYT inbreds could produce outstanding hybrids for commercialization in SSA.
